The male and the hermaphrodite forms of the nematode Caenorhabditis elegans (C. elegans) differ markedly in anatomy, nervous system and behavior at adulthood. Using the male mutants fog-2, him-5, and him-8, we compared body proportions and composition, and aspects of carbohydrate metabolism and gene expression between the C. elegans sexes in three adult stages. In all experiments, both sexes were grown on the same plate and separated using flow cytometry. The fat to fat-free mass ratio and the body volume-adjusted fat mass is similar between the sexes, although the body size is more than 50% smaller in adult males than in age-matched hermaphrodites. The volume-adjusted total RNA content is approximately 2-fold lower in males. Biochemical and NMR-based analyses reveal higher trehalose levels and much lower glucose levels in males than in hermaphrodites. The resulting trehalose-to-glucose ratio is 5.4-fold higher in males. These sex differences are reflected in gene expression data because the genes encoding key enzymes of the glycolysis and trehalose synthesis pathways are more highly expressed in males than in hermaphrodites. Notably, expression of the phosphofructokinase gene (C50F4.2) is 29-fold higher in males. Comparative analysis of gene expression data identifies 285 male-specific and 160 hermaphrodite-specific genes. These include transcription factor and C-type lectin-encoding genes. More than 35% of all C-type lectin genes are more highly expressed in males. The expression of many C-type lectin genes differs by a factor of .100 between the sexes. In conclusion, we found sex differences in carbohydrate metabolism that are linked to gene expression and identified certain lectin genes that are differentially expressed by the C. elegans sexes.
Introduction
The nematode Caenorhabditis elegans (C. elegans) consists of two sexes: a self-fertilizing hermaphrodite (diploid X chromosome) and a conventional male (single X chromosome). Hermaphrodites are the dominant sex; however, males are generated at a low frequency (approximately 1 in 500, ,0.3%) by spontaneous X chromosome non-disjunction events occurring during meiosis [1] . Mating produces a uniform number of males and hermaphrodites because the larger male sperm replace hermaphrodite sperm during fertilization, which results in an equal segregation of sex chromosomes [2, 3] . Although males are smaller than hermaphrodites, they contain more somatic cells (1031 in males and 959 in hermaphrodites) [4, 5] . Most physical differences between the sexes occur during larval development because males and hermaphrodites are nearly identical upon hatching. Beginning at the L4 larval stage, the two sexes are distinguishable using stereomicroscopy. At this stage, the blunt-ended tail of the male starts to develop. The postembryonic development of sex-specific cell lineages and differentiated cells has been previously examined [4, 6] . Furthermore, the anatomy of the male differs from that of the hermaphrodite by having one gonadal arm and having specialized muscles and neurons [7] . Adult hermaphrodites have a peaked tail, a vulva, a uterus and two gonadal arms, which produce sperm and oocytes. The pharynx, excretory system and main body muscles do not exhibit sexually dimorphic characteristics [4, 5, 8] .
Due to the existence of sex-specific neurons and sex-related differences in the core nervous system, C. elegans exhibit a sexually dimorphic nervous system [9] . As a result, males and hermaphrodites possess sex-specific behaviors, such as hermaphrodite egglaying behavior and male mating behavior [10] [11] [12] . Furthermore, food-leaving behavior, locomotion, olfaction, learning and memory capabilities are different between the C. elegans sexes [13] [14] [15] [16] . Food-leaving behavior occurs in males when they are cultivated on plates with an adequate food source in the absence of hermaphrodites; in contrast, hermaphrodites remain on plates when no males are present [14] . Lipton and coworkers [14] concluded that males attempt to find sexual partners for mating, whereas hermaphrodites do not need to mate for reproduction.
Physiological sex differences also exist, such as lifespan, stress response and immune resistance. In many mammals, including humans, females live longer than males [17] . In C. elegans, the lifespan of both sexes strongly depends on the culture conditions and social interactions. Cultivating males and hermaphrodites on agar plates at 20uC results in median lifespans of 10 and 17 days, respectively [18] . However, when males are cultivated individually, the male median lifespan becomes longer than that of the hermaphrodite by 20%. This increase in lifespan is possibly due to the lack of male-male interaction and other, unknown aspects related to locomotion. Additionally, mating dramatically reduces the median lifespan of hermaphrodites from 17 to 8 days [19] . In terms of oxidative stress, males are much more sensitive to hydrogen peroxide and paraquat than hermaphrodites due to the sex-specific transcription factor mab-3 [20] . In contrast, males are more resistant to the fungal pathogen Cryptococcus neoformans than hermaphrodites, and this resistance is dependent on the daf-16 transcription factor [21] . Sex differences are also visible at the molecular level, as indicated by gene expression analyses [22] [23] [24] , which focused on gene expression and sex differences during larval development and cell differentiation.
The average body size of an adult male is approximately threefold smaller than that of an adult hermaphrodite [25] . Chemically, nematodes consist primarily of water (almost 85%) [26] , followed by proteins, lipids, carbohydrates, nucleic acids and minerals. Adult hermaphrodites have a triglyceride content that is five-to tenfold lower than the protein content [27] [28] [29] . The carbohydrate trehalose is present in higher concentrations than glucose, since it is thought to function in the transport of soluble sugar [30] [31] [32] [33] . Little information is available regarding the body composition and carbohydrate metabolism of C. elegans males. Thus, we systematically compared parameters relating to body proportion and composition, trehalose content, glucose content, total RNA content and gene expression data in males and hermaphrodites. As a final goal of our study, we attempted to link physiological sex differences to gene expression in C. elegans.
Results

N2, fog-2, him-8, him-8 GFP and him-5 Males are Similar in Morphology
To examine sex differences in C. elegans, him (high incidence of males) and fog (feminization of germline) mutants were used; these mutants produce higher proportions of males in comparison to N2 wild type hermaphrodites. N2 males, which were obtained in higher frequency by mating, were also utilized in initial control experiments. Mutations in the him-8 and him-5 genes result in a higher incidence of males due to meiotic X chromosome loss. Hermaphrodites of him-8 (e1489) IV and him-5 (e1490) V mutants produce more than 30% males [1, 34] . The transgenic mutants him-8 (e1489) IV; nls128 II (abbreviated: him-8 GFP) express GFP under the control of the pkd-2 promoter in male-specific neurons [35] . fog-2 hermaphrodites are functionally classed as females because they do not produce sperm [36] ; therefore, in this strain, a high proportion of males is maintained through mating. To compare the morphology of selected male fog-2, him-8, him-8 GFP and him-5 mutants with N2 wild type individuals, adult worms were examined using stereomicroscopy. We found no obvious differences in behavior between the mutants and the N2 nematodes. In all mutants analyzed, both sexes were similar in general anatomy and morphology when compared to N2 wild type individuals ( Figure 1A) . Thus, the male mutants were suitable for studying certain physiological sex differences in C. elegans.
Flow Cytometry-based TOF and EXT Values are Proxies for Body Length and Body Volume
In this study, the flow cytometry-based parameters of time of flight (TOF) and extinction (EXT) were used for the basal characterization of males and hermaphrodites. To confirm that the TOF and EXT values reflect the axial length and body volume of the worms [27] , respectively, these flow cytometry-based parameters were compared with body size data obtained from microscopic images. To cover a wide range of body proportion values, different male mutants, different developmental stages and different feeding conditions (ad libitum or dietary restriction) were included in the analysis. Significant relationships between TOF and body length (r 2 = 0.87, p,0.001, Figure 2A ) and between EXT and body volume (r 2 = 0.87, p,0.001, Figure 2 B) were identified. Moreover, based on the obtained TOF and EXT values, adult males and hermaphrodites from different male mutants were clearly distinguishable from one another and clustered in well-defined clouds (Figure 1 B) . Therefore, flow cytometry-based TOF and EXT values are good proxies for body length and body volume. In addition, our flow cytometry approach would allow the separation of males and hermaphrodites to unravel sex differences in body proportions in large C. elegans populations.
The body Size of Males is Similar to that of Hermaphrodites during Larval Stages but Smaller at Adulthood
As mentioned earlier, males are almost indistinguishable from hermaphrodites upon hatching. During development, morphological differences between the sexes become increasingly apparent [7] . Thus, the body length (TOF) and body volume (EXT) of him-8 GFP males were compared with him-8 GFP hermaphrodites at the larval and adult stages ( Figures 3A and B) . At the young adult stage (64 h), males and hermaphrodites exhibited almost identical body sizes. As expected, sex differences in body size became increasingly evident as the worms reached adulthood. At day one of adulthood (96 h), him-8 GFP males had a 36.3% shorter body length (TOF) and a 53.4% smaller body volume (EXT) than agematched hermaphrodites. These results were confirmed by microscopy data (Figures 4 A and B) . Therefore, substantial differences in body proportions exist between the sexes at adulthood but not during larval stages.
The Fat to Fat-free Mass Ratio and the Volume-adjusted Fat Mass of Adult Males are Similar to those of Adult Hermaphrodites
As body proportions of adult worms show sex differences, body composition may also differ. To test this hypothesis, the triglyceride and protein content, which represents the fat and fat-free mass of C. elegans [27] , respectively, was determined in him-8 GFP males and hermaphrodites at young adulthood (66 h), adulthood (76 h) and one day of adulthood (90 h). As shown in Figures 5A and B, males exhibited significantly lower triglyceride and protein content per worm at all three developmental stages than did hermaphrodites (see also Table S1 ).
Physiologically, the proportions of fat and protein in relationship to body volume and fat to fat-free mass ratio are of central importance when evaluating the body composition of an organism [27] . As shown in Figures 5 A and B , normalizing the male triglyceride and protein values to body volume no apparent differences were visible between him-8 GFP mutants of both sexes. This result was confirmed by the observation that the triglycerideto-protein ratio was not significantly different between him-8 GFP males and hermaphrodites at all three adult stages ( Figure 5 C) . Additionally, the triglyceride-to-protein ratios between males and hermaphrodites of fog-2, him-8 and him-5 mutants were not different at adulthood (90 h, Figure 5 D, Table S1 ). The ratios observed for hermaphrodites are similar to those reported in the literature [27] [28] [29] . In summary, the body compositions of male and hermaphrodite C. elegans individuals are similar at all three adult stages.
The Trehalose-to-glucose Ratio is Higher in Adult Males than in Adult Hermaphrodites
To gain insight into metabolic differences between the sexes, the glucose and trehalose content of him-8 GFP males and hermaphrodites was analyzed at young adulthood (66 h), adulthood (76 h) and one day of adulthood (90 h). As shown in Figure 6 A, adult males had significantly lower glucose levels than hermaphrodites, even after adjusting the male glucose values for body volume (see Table S2 ). The adult him-8 GFP males exhibited equal (66 h, 76 h) or higher (90 h) trehalose levels than did the adult hermaphrodites (Figure 6 B) . The trehalose content obtained from young adult hermaphrodites is somewhat lower than reported values [37, 38] . After adjustment of the trehalose content to the body volumes, him-8 GFP males contained significantly higher trehalose levels than hermaphrodites at all adult stages ( Table S2 ). Consistent with the biochemical data, a significantly higher trehalose-to-glucose ratio was found in males compared to hermaphrodites using NMR spectroscopy (Figure 6 
E).
The Total RNA Content is Lower in Adult Males than in Adult Hermaphrodites
As part of our gene expression analysis, the total RNA content of him-8 GFP males and hermaphrodites was determined when these worms reached young adulthood (66 h ) and adulthood (76 h). Interestingly, a 2.7-to 4.8-fold lower total RNA content per worm was found in the males than in the hermaphrodites ( Figure 7) . This difference was also evident after adjusting the total RNA content of the males for body volume (1.8-to 2.4-fold lower). Additionally, the total RNA content of the hermaphrodites increased significantly from the young adult to the adult stage, but did not change in males during this period.
Identification of Male-and Hermaphrodite-specific Genes
To identify genes that were differentially expressed in both sexes, comparative microarray analysis was performed for him-8 GFP males and hermaphrodites in young adult (66 h ) and adult (76 h) worms. After analyzing 26843 genes, 9763 genes were expressed at significantly different (p,0.01) levels between both sexes at the young adult stage (adult stage: 14488 genes, Figures 8 A and B) . Of these genes, 2827 (adult: 4369 genes) were expressed at 2-fold higher levels or greater in males than in hermaphrodites (male-enriched genes). Additionally, 2854 genes (adult: 6203 genes) were considered as hermaphroditeenriched. Next, we searched for genes that were at least 10-fold more highly expressed in one sex at both adult stages and that exhibited an expression level of ,100 in the other sex. These genes were considered sex-specific and included 285 malespecific and 160 hermaphrodite-specific genes ( Figures 8 C  and D) . Many of these genes were not annotated; only maleand hermaphrodite-specific genes that could be assigned to a gene class were included in Tables 1 and 2 . The full data showing all of the genes examined are given in Tables S3 (male-specific) and S4 (hermaphrodite-specific). Within the male-and hermaphrodite-specific genes, several transcription factor -encoding genes were differentially expressed between both sexes. The hermaphrodites exhibited much higher expression of ceh-49 (adult: 166.0-fold, p,0.001), ceh-83 (42.6-fold, p,0.001), tbx-9 (94.7-fold, p,0.001), tbx-36 (98.8, p,0.001), flh-3 (97.2-fold, p,0.001), lsy-27 (189.6-fold, p = 0.001), pes-1 (34.4-fold, p = 0.004) and ztf-25 (239.9-fold, p,0.001) ( Table 2 ). In contrast, mab-23 (43.5-fold, p,0.001), mab-3 (44.0-fold, p = 0.003), ceh-7 (11.2-fold, p,0.001), nhr-266 (13.9-fold, p = 0.008) and nhr-113 (72.5-fold, p = 0.002) were identified as male-specific transcription factors ( Table 1) . Moreover, some metabolic genes such as lips-2, nas-17, nas-19 and acl-12 were identified as being differentially expressed between males and hermaphrodites.
Many C-type Lectin Genes are Expressed at Higher Levels in Males than in Hermaphrodites
Within the male-specific gene group (Table 1) , many C-type lectin (clec) genes were expressed at significantly higher levels in males than in hermaphrodites. Notably, 42 clec genes exhibited male-specific gene expression, and only 2 clec genes were hermaphrodite-specific. Within the entire C-type lectin gene family, the male-enriched expression of clec genes was overrepresented at both adult stages ( Figure 9 ). More than 35% (95 genes) of all clec genes were expressed at higher levels (.2-fold, p,0.05) in males than in hermaphrodites. In comparison, less than 5% (12 genes) of all clec genes were expressed at higher levels in hermaphrodites than the males. Strikingly, many lectinencoding genes were expressed at greater than 100-fold higher levels in males than in hermaphrodites.
The Phosphofructokinase Gene C50F4.2 is Expressed at Much Higher Levels in Males than in Hermaphrodites
The observed differences in glucose and trehalose levels between males and hermaphrodites might be caused by differences in gene expression. Thus, we analyzed the expression of genes that encode enzymes involved in carbohydrate metabolism in both sexes ( Table 3) . Adult males expressed trehalose-6-phosphatase synthase (tps-2) at 2.68-fold (p,0.001) higher levels than did adult hermaphrodites, which confirms the trehalose measurements. The trehalose-6-phosphate phosphatase (gob-1) gene was also expressed at slightly higher levels in males (1.4/1.6 [two isoforms]). In contrast, adult hermaphrodites had higher mRNA levels of UTPglucose-1-phosphate uridylyltransferase (2.5, p,0.01) and glycogen synthase (gsy-1, 2.2, p,0.01) than the adult males.
Consistent with the differences observed in trehalose and glycogen metabolism, sex differences were also found in the expression of genes encoding glycolytic enzymes. Hexokinase (2.3/ 3.5 [two isoforms], p,0.01, Table 3 ) was expressed at higher levels in adult hermaphrodites than in adult males. In contrast, adult males expressed phosphofructokinase and pyruvate kinase at higher levels. In C. elegans, two genes, C50F4.2 and Y71H10A.1, encode putative phosphofructokinases. Both genes were expressed at higher levels in the adult males. Remarkably, the expression of C50F4.2 was more than 29-fold (p = 0.004) higher in the males than in the hermaphrodites. Additionally, one homolog of fructose bisphosphate aldolase (T05D4.1) was expressed at higher levels in the adult males than in the adult hermaphrodites (2.3/2.8 [two Figure 5 . The body composition of males and hermaphrodites at various developmental stages. The triglyceride content (A), protein content (B) and the resulting triglyceride-to-protein ratio (C) of him-8 GFP males and hermaphrodites at young adulthood (66 h), adulthood (76 h) and one day of adulthood (90 h). Male body composition parameters were normalized to the body volume so that they were comparable to the results for the hermaphrodites (A, B). Comparison of the triglyceride-to-protein ratio for the fog-2, him-8, him-8 GFP and him-5 mutants at adulthood (90 h, D). The results of N2 hermaphrodites were used as a reference and included as a dashed line (D). Data represent the mean 6 SDs from 3-8 independent experiments. Significant differences between males and hermaphrodites are indicated using asterisks (* p,0.05, ** p,0.01, *** p,0.001, t-test). doi:10.1371/journal.pone.0044748.g005 isoforms], p,0.01). Taken together, these data imply that glycolysis and trehalose synthesis may be upregulated in males, resulting in lower glucose and equal or higher trehalose levels compared to the hermaphrodites.
Discussion
The nematode C. elegans is one of the most widely used model organisms in modern biology. Recently, C. elegans has also been established as a model to examine physiological aspects at the molecular and cellular levels in an intact organism [39] . Thus far, sex differences in physiology and metabolism have not been studied extensively in C. elegans because it is laborious to separately analyze large numbers of males and hermaphrodites. To circumvent this methodological problem, we used male-enriched mutants, which included one mutant with a sex-specific GFP signal. In all analyses, males and hermaphrodites were cultivated on the same plate and separated using flow cytometry. Using this approach, we found that the adult males exhibited smaller body size, nearly equal triglyceride and protein levels, lower total RNA content, higher trehalose levels and lower glucose levels than the hermaphrodites. These differences were also present when the values were adjusted for body volume. We also identified a number of genes that were expressed differentially between the sexes, and this finding may explain some physiological differences between the C. elegans adult males and hermaphrodites.
Adult Males are Smaller and Contain Lower RNA Content than Hermaphrodites but have Similar Body Composition
Before and at the young adult stage (66 h), only minor differences were observed between the males and hermaphrodites regarding morphology, body proportion and body composition. These results are consistent with the findings of Thoemke et al., who found few differences at the transcriptional level between males and hermaphrodites up to the L4 larval stage [24] . At the young adult and adult stages, the total RNA content is significantly lower in males than in hermaphrodites. The total RNA content did not change from the young adult to the adult stage in males, whereas the total RNA content of hermaphrodites increased considerably during this period. Total RNA is mainly composed of ribosomal RNA (rRNA, visible in RNA electrophoretic analysis) followed by transfer RNA (tRNA), mRNA and a small amount of non-coding RNA [40] . Adult hermaphrodites transcribe many RNAs and incorporate them into their developing oocytes. Thus, hermaphrodites may have a much higher RNA content due to embryogenesis. Males are more than 50% smaller than hermaphrodites. Recent work by Honjoh et al. demonstrated that inhibition of the translation machinery reduces body length to a greater extent in hermaphrodites than in males (personal communication, S. Honjoh, [41] ). The authors assumed that males have a lower translation rate. Thus, the lower growth rate in males might be caused by a lower translation rate and thereby, a lower rate of protein biosynthesis. The triglyceride-toprotein ratio and the volume-adjusted triglyceride and protein levels were similar between males and hermaphrodites. Therefore, sex differences in body composition, as described in other organisms [42] [43] [44] [45] , are not obvious in C. elegans. Notably, the determined protein and triglyceride values for adult hermaphrodites are similar to literature values [27] [28] [29] . Thus, we found sex differences in body proportions and RNA content but not in body composition.
Carbohydrate Metabolism Differs between the C. elegans Sexes at the Metabolite and Gene Expression Level
Trehalose is a soluble, non-reducing disaccharide comprising two molecules of glucose. This molecule is present in many bacteria, yeast and invertebrates [30, 31] and is synthesized in a two-step pathway from glucose-6-phosphate and UDP-glucose by trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase [30] . Two trehalose phosphate synthase (tps-1 and tps-2) and one trehalose phosphate phosphatase (gob-1) genes have been characterized in C. elegans [46, 47] . Both of the substrates of trehalose synthesis are also needed for glycogen synthesis. Based on our results, we hypothesized that males utilize glucose (UDP-glucose, glucose-6-phosphate) to produce trehalose rather than glycogen; the opposite may be true in Figure 7 . The total RNA content of young adult and adult him-8 GFP males and hermaphrodites. Total RNA was isolated from young adult (66 h) and adult (76 h) him-8 GFP males and hermaphrodites. The RNA content of males was adjusted to body volume so that the results were comparable to those of hermaphrodites. The data represent the mean 6 SDs, n = 3. Significant differences between the male or male (adjusted) and the hermaphrodite were determined using a t-test (**p,0.01, ***p,0.001). doi:10.1371/journal.pone.0044748.g007 Figure 6 . The trehalose and glucose content of males and hermaphrodites at various developmental stages. The glucose content (A), trehalose content (B) and resulting trehalose-to-glucose ratio (C) of him-8 GFP males and hermaphrodites at young adulthood (66 h), adulthood (76 h) and one day of adulthood (90 h) are shown. The male glucose and trehalose content was adjusted to the body volume so that it was comparable to the results for the hermaphrodites (A, B) . Comparison of the trehalose-to-glucose ratio in the fog-2, him-8, him-8 GFP and him-5 mutants at adulthood (90 h, D). The results of N2 hermaphrodites were used as a reference and included as a dashed line (D). The trehalose and glucose levels were validated using NMR spectroscopy (E). The trehalose-to-glucose ratio from biochemical assays (using NET buffer or distilled water as solvent) and NMR spectroscopy experiments are presented. The data represent the mean 6 SDs from 3-8 independent experiments. Significant differences between males and hermaphrodites are indicated using asterisks (* p,0.05, ** p,0.01, *** p,0.001, t-test). doi:10.1371/journal.pone.0044748.g006 hermaphrodites ( Figure 10 ). This hypothesis is reflected by gene expression data demonstrating higher expression of trehalose synthesis genes and lower expression of glycogen synthesis genes in males than in hermaphrodites ( Table 3) . Also in agreement with this hypothesis, we found higher trehalose levels in males than in hermaphrodites. In our experiments, higher glucose than trehalose levels were measured in males and hermaphrodites, which is contrary to other reports [30, 32] . A reason for this discrepancy could lie in the different methods used. In our study, the biochemical results were validated using NMR spectroscopy, and similar levels could be measured in different mutants.
Evidence from several studies indicates that trehalose has various functions in the organism [31] . In C. elegans, it is believed that trehalose serves as a sugar transporter between cell types because a functional glucose-6-phophatase is lacking [30, 31, 33] . It has also been predicted that trehalose protects worms and other nematodes against environmental stresses including desiccation, heat and hypertonia [30, 38, 48] by protecting lipid membranes and stabilizing protein structures [49, 50] . Additionally, trehalose extends the lifespan of C. elegans [37] , which is most likely caused by the trehalose-mediated prevention of age-related protein damage. Eggs and dauer larvae, which are highly resistant against environmental stresses, contain high levels of trehalose [30, 47] . A, B) show the number of differentially expressed genes between the him-8 GFP males and hermaphrodites at the young adult (66 h, A) and adult (76 h, B) stages. Genes that were expressed 2-fold or more higher in the corresponding sex were considered as male-enriched (black) or hermaphroditeenriched (grey) genes. The number of genes is listed within the brackets. The Venn diagrams (C, D) display the overlap of male-(C) or hermaphrodite-(C) specific genes at the young adult (66 h) and adult (76 h) stages. To scale down the number of genes, the cut-off was increased from 2-fold (dashed cycles) to 10-fold (solid circles). * Genes in the other sex that were expressed at levels that was higher than 100 were excluded. doi:10.1371/journal.pone.0044748.g008 The higher levels of trehalose in males could mean that males are more resistant against desiccation and heat stress than hermaphrodites and age more slowly. Whether this is true will need to be clarified by further studies. A much lower glucose level was found in males than in hermaphrodites. This finding was supported by the gene expression data reported here because genes encoding glycolytic enzymes were more highly expressed in males than in hermaphrodites. Importantly, the key enzyme of glycolysis, phosphofructokinase, was expressed at a 29-fold higher level in males. This gene also exhibited male-enriched gene expression in other microarray studies [22, 23] . Thus, these data suggest that males exhibit higher flux through glycolysis than do hermaphrodites ( Figure 10) . Based on mammalian studies, it is known that glycolysis-encoding genes are extensively modified during spermatogenesis [51] because sperm require large amounts of ATP for motility [52] [53] [54] . Furthermore, spermiogenesis is blocked by mitochondrial inhibitors in C. elegans, which indicates that aerobic metabolism, and therefore glycolysis, may be essential for sperm production [55] . All of these findings suggest that male C. elegans have higher glycolysis rates due to spermatogenesis and spermiogenesis. This hypothesis is further supported by the fact that phosphofructokinase (C50F4.2) transcripts are enriched during spermatogenesis [23] .
Lectin Genes are Differentially Expressed between the C. elegans Sexes
In microarray experiments, male-and hermaphrodite-specific genes were identified. Notably, hermaphrodites and males were grown under the same conditions on the same plate. Thus far, all studies analyzing sex-specific gene expression did not consider these criteria [22] [23] [24] . Nevertheless, there is a high degree of agreement between the published data [22] [23] [24] and the data presented here. In at least one of these studies, 76.2% of malespecific genes have been described as male-specific genes. At least two of these studies have described 43.9% of these genes. For hermaphrodite-specific genes, a similar agreement was found (80.3% and 43.4%, respectively). Surprisingly, few metabolic genes exhibiting a sex-specific pattern (lips-2, nas-17, nas-19 and acl-12) were detected. It can be concluded that males and hermaphrodites possess fundamentally similar pathways in intermediary metabolism. Instead, quantitative sex differences in metabolism, as found here for carbohydrate metabolism, can be expected.
Among the sex-specific genes examined, many transcription factors were differentially expressed in both sexes. All of the hermaphrodite-specific transcription factors that were identified function in embryogenesis [56] [57] [58] [59] ; hence, no reproductionindependent transcription factor was found. The male-specific transcription factors were either involved in the development of the tail or male-specific neurons [60] [61] [62] [63] or the function is unknown. All of the male-specific transcription factors identified here have been previously described as enriched in males [22] . Thus, no new transcription factors involved in sex differentiation in C. elegans were discovered. Many C-type lectin genes were expressed at dramatically higher levels in males than in hermaphrodites, and 42 of these genes were classed as male-specific. In accordance with this finding, 30 of these genes were designated as male-enriched in previous sexspecific gene expression studies [22, 23] . C-type lectins are a diverse group of proteins, which are currently represented by 265 genes. These lectins occur in plants, bacteria, viruses and animals as a class of proteins involved in various protein interactions [64] . Some members of this gene family appear to be involved in innate immunity because they are upregulated after pathogen exposure [65] . However, the functional role of C-type lectins in invertebrates is essentially unknown. The sex-specific expression of Ctype lectins could be explained by either of two models. The first model suggests that the immune system is sexually dimorphic. This is confirmed by the fact that defense-related genes other than Ctype lectins are also differentially expressed between males and hermaphrodites ( Table 1) . In rodents and C. elegans, sex-specific survival after pathogenic infections has been observed [21, 66] . The second model assumes that C-type lectins fulfill sex-specific tasks in males. In line with this hypothesis, only three out of 42 male-specific C-type lectin genes (clec-217, clec-256 and clec-263) were found to be upregulated after pathogen infection [65] . In contrast, several clec genes (clec-197, clec-99, clec-92, clec-157, clec-208 and clec-207) and scl-8, which were identified as male-specific or male-enriched in our analysis, are associated with male sperm chromatin [67] ; this finding supports their putative role in spermatogenesis. Furthermore, one study has shown that C-type lectins are regulated by mxl-2 (max-like protein, a bHLHZip transcription factor), which is involved in cell migration [68] . Further investigation, especially regarding the natural function of this gene family, is needed to confirm that these C-type lectins fulfill special roles in male C. elegans. Taken together, this study combines the use of a male mutant expressing a sex-specific GFP signal with flow cytometry to analyze a large number of male and hermaphrodite C. elegans individuals under standardized conditions. In comparison to adult hermaphrodites, males are smaller and contain less RNA but have similar fat to fat-free mass ratios. Males also exhibit higher trehalose and lower glucose levels than hermaphrodites. These sex differences are linked to the expression levels of genes that encode key enzymes in carbohydrate metabolism. Moreover, certain lectin genes were identified as being differentially expressed between the C. elegans sexes. Thus, physiological differences between male and hermaphrodite C. elegans individuals are linked to gene expression.
Materials and Methods
Ethics Statement
N/A.
Nematode Cultivating and Strains
C. elegans worms were maintained on NGM agar plates seeded with E. coli OP50 at 20uC as described by Brenner [69] . The strain Bristol N2 was used as the wild type control. The mutants used in this study were fog-2 (q71) V, him-8 (e1489) IV, him-5 (e1490) V and him-8 (e1489) IV; nls128 II [pkd-2::GFP; lin-15 (+)]. All strains were obtained from the Caenorhabditis Genetics Center (CGC, University of Minnesota, USA) except for him-8 (e1489) IV; nls128 II, which was generously provided by the Horvitz laboratory. All experiments were carried out with synchronized eggs obtained by hypochlorite treatment of gravid worms. The plate-based dietary restriction method was established in our laboratory by D. Palgunow.
Microscopic Imaging and Determination of Body Proportions
Worms were visualized using an Axio Observer D1 inverted microscope (Zeiss, Jena, Germany) equipped with a digital camera Figure 9 . The differential expression of C-type lectin genes between him-8 GFP males and hermaphrodites at the young adulthood (66 h) and adulthood (76 h) stages. The differential expression level of each C-type lectin gene between him-8 GFP males and hermaphrodites is indicated using color. For red (blue), the expression level is at least 2-fold higher (p,0.05) in hermaphrodites (males) than in males (hermaphrodites). For items marked in grey, there is no difference in the expression level between both sexes. Each row shows one C-type lectin gene from clec-1 (top) to clec-266 (bottom). doi:10.1371/journal.pone.0044748.g009 
COPAS Flow Cytometric Analysis
Flow cytometry was used to select a defined number of eggs for equal experimental settings, to analyze worm characteristics and to separate males from hermaphrodites to prepare worm extracts and isolate RNA. Axial length (Time of Flight, TOF), optical density (Extinction, EXT) and fluorescence (Green, Yellow, Red) were automatically measured for each worm. The instrument was equipped as described by Klapper et al. [27] . The gain signals for extinction and green, yellow and red fluorescence were set to 1. The photomultiplier (PMT) value for the green channel was set to 900. The threshold value for signals and the TOF minimum were adopted depending on whether eggs or worms were sorted. For all experiments, specific gating and sorting criteria were used.
Separation of Males Using COPAS Flow Cytometry
The separation procedure used to generate pure male samples depended on the strain used. The transgenic strain him-8 (e1489) IV; nls128 II expresses GFP in male-specific neurons under the control of the pkd-2 promoter. Thus, males were separated from hermaphrodites based on a specific green fluorescence signal using flow cytometry. No separation was possible before the young adult stage (approximately 64-66 h) due to low signal strength during the earlier stages. Based on this mutant strain, it was possible to obtain almost 100% males. For N2 and all other mutants (fog-2, him-8, and him-5), the separation of males was achieved by choosing an area in green versus yellow fluorescence (autofluorescence) of a dot blot because hermaphrodites exhibit a higher auto-fluorescence than males. Because good separation rates were only attained when worms had reached one day of adulthood (90 h), all measurements were carried out at this time point. The rate of males ranged between 87% and 99% depending on the strain.
Worm Extracts and Biochemical Assays
Using flow cytometry, 1000-1500 worms were collected in 2 ml tubes suspended in 100 ml NET buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8.0, 0.5% CHAPS, protease inhibitor cocktail [Roche Diagnostics GmbH, Mannheim, Germany]) and homogenized using a bead-beating homogenizer (PrecellysH24, Bertin Technologies, Montigny le Bretonneux, France). Worm extracts were made using ceramic beads (1.4 mm) at full speed (6500 rpm) for 20 s as 1 cycle. The cell debris was pelleted at full speed for 20 min at 4uC and then removed. The resulting supernatants were stored at 280uC until analyzed in the biochemical assays. The protein and triglyceride content was measured in worm extracts using the BCA Protein assay kit (Pierce Protein assay kit, Rockford, USA) and an enzymatic triglyceride assay kit (Analyticon, Lichtenfels, Germany) with a separate triacylglycerol standard (BioCat, Heidelberg, Germany), respectively. Trehalose and glucose were quantified simultaneously using a trehalose assay kit (Megazyme, Ireland). TOF and EXT values were also measured during worm sorting. To equalize body volume differences between males and hermaphrodites, a hermaphrodite-to-male extinction ratio was calculated, and this was used to normalize male body composition values.
NMR Spectroscopy
Five thousand worms per sample were collected using flow cytometry and homogenized in 270 ml distilled water by PrecellysH24 under the same conditions as those mentioned above. Undissolved material was removed by centrifugation and the samples were stored at 280uC. NMR analysis was carried out at LipoFIT Analytic GmbH (Regensburg, Germany) on a Bruker Avance II + operating at 600 MHz. The amounts of glucose and trehalose were determined by normalizing each integral to the corresponding integral of the standard solution. Each experiment was performed in triplicate. The same extracts were also analyzed biochemically and compared with measurements performed with NET buffer. Isolation of Total RNA for Gene Expression Analysis
Between 1200 and 1800 worms were collected using flow cytometry and suspended in 350 ml RLT buffer (RNeasy mini Kit, Qiagen, Hilden, Germany). The worms were then homogenized with PrecellysH24 (full speed, 15 s, 2 cycles) and QIAshredder columns (Qiagen). Total RNA was extracted using an RNeasy mini Kit (Qiagen), which included a DNA digestion step according to the manufacturer's instructions. The amount and integrity of the RNA was assessed spectrophotometrically (BioPhotometer, Eppendorf, Hamburg, Germany) and using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, USA) and the RNA 6000 Nano Kit (Agilent Technologies). Each sample contained at least 10 mg of total RNA per ml.
Gene Expression Analysis
Microarray processing and the normalization of row data were performed by Source Bioscience (imaGenes, Berlin, Germany) using a custom-designed Agilent gene expression microarray. This microarray was developed by imaGenes/Source Bioscience (Steffen Hennig) and contained 61643 oligonucleotides, which resulted in 26843 genes. Quantile normalization was calculated using R-package [72] . Each experiment was performed in triplicate. To analyze sex differences, the average expression of each gene with a sex-specific ratio (male-or hermaphroditespecific) was calculated. A statistical cut-off of p,0.01 (Student's two-tailed t-test) was applied. Gene ontology of male-and hermaphrodite-specific genes was analyzed with the WormBase database (WormBase release WS229). Genes involved in carbohydrate metabolism were identified using the Kyoto Encyclopedia of Genes and Genomes pathway (KEGG, http://www.genome. jp/kegg/).
Statistical Analysis
The data are expressed as the mean 6 standard deviations (SDs). To determine statistically significant differences among the tested male strains, one-way analysis of variance (ANOVA) was performed, and this was followed by the Bonferroni test (Figure 4) . When an inhomogeneity of variance was evident, Dunnett's T3 test was used as a post hoc test. Correlations between TOF and body length and between EXT and body volume were determined using linear regression with calculation of the coefficients of determination (r 2 ) and p values (Figure 2) . For all other results, the Student's t-test was used as a statistical test for the consideration of variance homogeneity. The results were classed as significant at p,0.05. All statistical analysis was performed using SPSS software (Statistical Package for the Social Sciences, version 11.0). 
